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ABSTRACT
The colour-magnitude diagrams of some intermediate-age clusters (1–2 Gyr) star clus-
ters show unexpectedly broad main-sequence turnoffs, raising the possibility that these
clusters have experienced more than one episode of star formation. Such a scenario
predicts the existence of an extended main sequence turn off (eMSTO) only in clus-
ters with escape velocities above a certain threshold (> 15 km s−1), which would allow
them to retain or accrete gas that eventually would fuel a secondary extended star-
formation episode. This paper presents a test of this scenario based on the study of
the young and massive cluster NGC 7252:W3. We use the HST photometry from
WFPC2 and WFC3 images obtained with UV and optical filters, as well as MagE
echellette spectrograph data from the Las Campanas Clay 6.5m telescope, in order to
construct the observed UV/optical SED of NGC 7252:W3. The observations are then
compared with synthetic spectra based on different star formation histories consistent
with those of the eMSTO clusters. We find that the SED of this cluster is best fit-
ted by a synthetic spectrum with a single stellar population of age 570+70
−62 Myr and
mass 1.13+0.14
−0.13 × 10
8 M⊙, confirming earlier works on NGC 7252:W3. We also estimate
the lower limit on the central escape velocity of 193 km s−1. We rule out extended
star-formation histories, like those inferred for the eMSTO clusters in the Magellanic
Clouds, at high confidence. We conclude that the escape velocity of a cluster does not
dictate whether a cluster can undergo extended periods of star formation.
Key words: globular clusters: general – galaxies: star clusters: general – galaxies:
star clusters: individual: W3
1 INTRODUCTION
In the last decade, precise photometry of stars in sev-
eral intermediate-age (1–2 Gyr) clusters in the Small
⋆ ICZ: icabrera@eso.org
† NASA Sagan Fellow
and Large Magellanic Clouds (SMC and LMC) has re-
vealed an extended main-sequence turnoff (eMSTO) in
their optical colour–magnitude diagrams (CMDs). Many
studies have interpreted these observations as extended
episodes of star formation lasting hundreds of Myr
(e.g. Mackey & Broby Nielsen 2007; Mackey et al. 2008;
Goudfrooij et al. 2011b,a; Milone et al. 2009; Rubele et al.
c© 2015 The Authors
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2013). To sustain extended or multiple episodes of star for-
mation a cluster needs to be able to retain stellar ejecta or
acquire new gas, which poses limits on the escape veloci-
ties of clusters hosting eMSTO. The current escape veloc-
ities of the clusters hosting eMSTOs are modest (3–20 km
s−1, see Goudfrooij et al. 2011a), and in many cases are be-
low those estimated for young massive clusters that do not
show evidence for extended star-formation episodes lasting
> 30 Myr (Bastian & Silva-Villa 2013; Longmore et al. 2014;
Kruijssen 2014).
However, Goudfrooij et al. (2011b) have suggested that
the intermediate-age clusters may have lost a significant frac-
tion of their stars since their birth, hence their initial escape
velocities were much higher, potentially > 15 km/s, which
the authors claim is a limit above which clusters can retain
their stellar ejecta. In this scenario, a first generation of stars
forms in a near instantaneous burst, which is then followed
by a lull that lasts between a few Myr and a few hundred
Myr, and then by a further Gaussian-shaped extended star
formation episode that lasts a few hundred Myr. In order
to have enough matter available to form the second genera-
tion of stars a large amount of material needs to be accreted
from the clusters’ surroundings, because the material shed
by the first generation is not sufficient to form the observed
numbers of second generation stars. However, we note that
a plausible mechanism for this accretion has not yet been
identified.
A link between the eMSTO phenomenon in
intermediate-age clusters and the chemical anomalies
found in globular clusters (GCs, see Gratton et al. 2012)
has been proposed, suggesting a common evolution of
massive clusters independent of the environment and time
of formation (e.g. Keller et al. 2011; Conroy & Spergel
2011; Goudfrooij et al. 2011a,b, 2014, hereafter G11a,b
and G14). The above scenario and its link with multiple
populations in GCs have been tested by searching for
abundance spreads within the eMSTO clusters, which are
expected to be observed if these clusters are self-enriched.
However, no evidence for abundance spreads have been
found in the clusters with eMSTOs (Mucciarelli et al. 2008,
2014, Mackey et al. in prep.). Hence, self-enrichment is
unlikely to have happened in the eMSTO clusters, and
the eMSTO phenomenon does not appear to be linked to
multiple populations in GCs.
The lack of ongoing star formation within young (< 1
Gyr) massive (> 104 M⊙) clusters (YMCs) and the lack
of extended star formation histories (SFHs) in resolved
YMCs in the LMC are seemingly at variance with the age
spreads inferred from the eMSTOs (Bastian & Silva-Villa
2013; Niederhofer et al. 2015c). In addition, some post-
main-sequence evolutionary phases (e.g. the subgiant branch
and red clump) of eMSTO clusters appear to be incompat-
ible with the extended SFHs inferred from the analysis of
their turnoffs (Bastian & Niederhofer 2015; Li et al. 2014;
Niederhofer et al. 2015a, although see Goudfrooij et al.
2015). This may indicate that alternative explanations are
needed for these phenomena such as stellar evolutionary ef-
fects, e.g. stellar rotation, as has been suggested and ex-
plored by Bastian & de Mink (2009), Li et al. (2014) and
Brandt & Huang (2015b).
In two recent studies of the resolved stellar popula-
tions in the young (∼ 300 Myr) massive (∼ 105 M⊙) LMC
cluster NGC 1856 (Milone et al. 2015; Correnti et al. 2015),
the authors found evidence for an eMSTO at young ages
for the first time. Although these authors suggest a pro-
longed star-formation episode as the origin of the eMSTO,
further analyses of post-main-sequence stars are necessary
to see whether they are in agreement with this interpreta-
tion. However, note that the proposed duration of the sec-
ondary star-formation episode is significantly shorter than
that inferred for the 1–2 Gyr old clusters. Niederhofer et al.
(2015a) have shown that there is a strong relation between
the age of the cluster and the inferred age spread, suggesting
that stellar evolutionary effects are the cause of the eMSTO
phenomenon.
It has been suggested that the intermediate-age (1–
2 Gyr) cluster population found in the LMC/SMC arose
after these galaxies underwent a strong starburst during
this epoch due to a three-body interaction with the Milky
Way (G14). However, estimates of the SFH for both galax-
ies do not show clear evidence for such a burst, as the
star-formation rate seems to be constant during this pe-
riod within a factor of ∼ 2, cf. Harris & Zaritsky (2009);
Weisz et al. (2013). The scenarios that propose extended
star formation episodes as the origin of the eMSTO, also
suggest that massive intermediate-age clusters, due to their
large initial gravitational potential wells, were capable of
retaining (and accreting) gas from which a second stel-
lar generation was formed. Accordingly, one should see—
in young massive clusters with escape velocities in excess
of ∼ 15 km s−1—clear signatures of younger generations of
stars that formed after the initial, main burst in their inte-
grated colours and SEDs. In this paper, we address the issue
of the origin of the eMSTO of intermediate-age clusters by
analysing the SED of W3, a YMC in the merger remnant
NGC 7252 that has an escape velocity in excess of 193 km
s−1.
The cluster NGC 7252:W3 is an excellent candidate to
test these scenarios given that with a mass of ∼ 108 M⊙
(Schweizer & Seitzer 1998; Maraston et al. 2004) it is the
most massive young cluster known to date. The age of W3
is constrained by numerical simulations of NGC 7252, which
suggest that its last major merger event took place about 600
Myr ago (Hibbard & Mihos 1995; Chien & Barnes 2010).
This event has been proposed to trigger the star forma-
tion episode that gave birth to the YMC population ob-
served in NGC 7252 (Whitmore et al. 1993; Miller et al.
1997; Schweizer & Seitzer 1998). The age of ∼ 600 Myr for
W3, places it right in the range when the extended star-
formation episode should be going on (or just have ceased),
according to the SFHs inferred for eMSTO clusters by G14.
All this makes this cluster ideal to test whether the eM-
STO of intermediate-age clusters has its origin in extended
periods of star formation.
The paper is organised as follows: In §2 we present
the HST photometry and the MagE spectrum of W3. In
§3 we show the procedure used to estimate the age, mass
and escape velocity of W3. The experiments with synthetic
SEDs are described in §4. Finally, we discuss our results and
present our conclusions in §5 and §6, respectively.
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Table 1. WFPC2 photometry of NGC 7252: W3.
F336W F439W F555W F814W
(mag) (mag) (mag) (mag)
18.64 ± 0.06 18.41 ± 0.02 18.19 ± 0.13 17.36 ± 0.06
2 DATA
We took the WFC3 photometry of W3 from Bastian et al.
(2013a) (bands F336W, F475W and F775W).1Additionally,
we performed aperture photometry onWFPC2 images taken
with the filters F336W, F439W, F555W and F814W.2 The
HST pipeline processed images were first cleaned from cos-
mic rays by using the LACOS IRAF3 routine (van Dokkum
2001), and then we performed aperture photometry with the
task PHOT from DAOPHOT under IRAF adopting the same
aperture sizes as Bastian et al. (2013a), i.e. a circular aper-
ture with 0.4′′ radius centred on W3 and a sky annulus of
inner radius 1.325′′ with a width of 0.25′′. The results of our
photometry on the WFPC2 images can be found in Table 1.
A spectrum of this cluster was obtained on Aug 23rd of
2009 with the MagE echellette spectrograph (Marshall et al.
2008) on the Clay 6.5-m telescope at Las Campanas. The
10′′×0.′′7 slit was placed across the cluster at parallactic angle.
The 2.3 hr total exposure was broken into seven 20 minute
subexposures, during which the airmass decreased from 1.49
to 1.04 and the seeing was ∼ 0.′′7. To permit flux calibration,
six standard stars were also observed at parallactic angle
throughout the night.
The reduction of the MagE spectrum included pipeline
processing to flat-field and coadd frames, rectify spectral
orders, calibrate wavelengths, and subtract the galaxy-plus-
sky background spectrum. The final extracted spectrum of
W3 covers the wavelength range 3300 – 8250 A˚, extracted
from orders 18 – 8, at a spectral resolution of R ≈ 5500. Due
to small wiggles in the spectral continuum introduced by the
digital splicing together of the various overlapping orders, we
here restrict our use of the spectrum to its highest-quality
range of 3300 – 5500 A˚. However, the overall SED of W3 is a
good representation of the actual flux levels of this cluster, as
we will show via the good agreement with HST photometry
in §4 (see below).
3 AGE AND MASS OF NGC 7252:W3
We used DynBaS, a Dynamical Basis Selection spectral fit-
ting algorithm (Cabrera-Ziri et al. 2014; Magris et al. 2015)
to recover the SFH of W3. Basically, the DynBaS algo-
rithm finds the best simple stellar population (SSP) tem-
plate or the best linear combination of two or three SSPs
1 HST programme GO-11554 (PI: Bastian; see Bastian et al.
2013a)
2 HST programme GO-5416 (PI: Whitmore; see Miller et al.
1997).
3
IRAF is distributed by the National Optical Astronomy Obser-
vatories, which is operated by the Association of Universities for
Research in Astronomy, Inc., under cooperative agreement with
the National Science Foundation.
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Figure 1. DynBaS1D, DynBaS2D and DynBaS3D fits (see the
text) to the MagE spectrum of Cluster W3. The DynBaS fits
presented here were obtained using stellar population models of
solar metallicity. See text for a discussion of these results.
templates to fit the target spectrum (with their relative
weights/masses). Here, we outline briefly the basics of our
spectral fitting of W3 and refer the reader interested in a
more detailed discussion of the limitations and uncertainties
of our technique to the publications cited above.
We performed three different fits to W3 data:
(i) HST broad band photometry: This was a full SED
fit using the HST ’s WFPC2 and WPC3 photometry de-
scribed in §2 and assuming an AV = 0.083 mag,4 and a dis-
tance to NGC 7252 of 64 Mpc (Bastian et al. 2013a). The
results of all fits are presented in Table 2.5
(ii) MagE spectrum: This was also a full SED fit, using
this time the flux-calibrated MagE spectrum instead of the
HST photometry, and assuming the same AV and distance
as above. The results of these fits are shown in Fig. 1. From
this figure, we can see that there is a slight offset between the
SED and the synthetic stellar populations fitted by DynBaS.
In order to determine whether these observed differences are
due to the issues on the continuum calibration mentioned in
§2, we decided to carry out an additional fit after normalizing
the continuum, in order to assess the robustness of our age
determination.
(iii) MagE continuum-normalized spectrum: We
normalized the continuum of W3’s SED for our fitting. To
obtain the continuum we ran a median filter of 100 A˚ width
over the cluster spectrum, masking 2000 km s−1 around the
core of each Balmer line. Then we normalized the continuum
for each SSP spectrum comprised in the Bruzual & Charlot
(2003) models, using again a median filter with the same
width and mask as we used for the observed spectrum. Next,
we divided each model SED by its respective continuum. The
4 this value was derived from the AF475W = 0.098 reported
in Bastian et al. (2013a) and assuming Ag = 3.64 E(B−V) from
Jorda´n et al. (2004).
5 We also carried out the fit including the Ks photometry from
Maraston et al. (2001) and find that the results are unaffected.
MNRAS 000, 1–13 (2015)
4 I. Cabrera-Ziri et al.
Table 2. Results of DynBaS fitting: Ages and masses of each of the fit components, mass weighted ages, and total masses.
Fit Solution t1/M1 t2/M2 t3/M3 < t >m(a) Mtot
(Myr / %) (Myr / %) (Myr / %) (Myr) (M⊙)
HST DynBaS1D 509 / 100 509 1.00 × 108
photometry DynBaS2D 453 / 4.3 509 / 95.7 506 9.9 × 107
DynBaS3D 453 / 65.3 719 / 14.4 5,750 / 20.3 815 1.19 × 108
MagE DynBaS1D 571 / 100 571 9.9 × 107
spectrum DynBaS2D 404 / 9.4 13,750 / 90.6 9,883 6.10 × 108
DynBaS3D 360 / 2.6 404 / 6.2 13,750 / 91.2 10,057 6.24 × 108
MagE DynBaS1D 571 / 100 571 -
normalized DynBaS2D 508 / 94.2 8,500 / 5.8 619 -
spectrum(b) DynBaS3D 508 / 93 1,700 / 2.6 8,500 / 4.4 589 -
(a) < t >m= 10
∑
i µilog ti , with µi =Mi/
∑
i Mi
(b) Since there was no continuum in this spectrum we are not able to retrieve masses.
spectral fit was then carried out on the normalized spectrum
of W3 with the normalized SSP model spectra. The results
of these fits are shown in Fig. 2.
Table 2 shows that all DynBaS1D solutions (i.e. best-
fitting SSPs) are rather precise, i.e. in agreement within ∼ 60
Myr of each other. Both fits of the MagE spectrum (un-
normalized and normalized) yield a cluster age of 571 Myr,
while the fit to the HST broad-band photometry yields a
somewhat younger age of 509 Myr.
For both the photometry and the MagE spectrum fits,
we see that the multiple-population solutions (i.e. Dyn-
BaS2D and DynBaS3D) consist of a young population rela-
tively close in age to the SSP solution, i.e. about 500 Myr,
and an old (> 5 Gyr) population with a significant fraction
of the total mass. The origin of these old components in the
DynBaS fits is simple. Basically, they come from the fact
that the mass-luminosity ratio increases with time for an
SSP evolving passively, i.e. without any subsequent star for-
mation events. This is shown in Fig. 3, where we plot the
evolution of an SSP for a fixed mass. As the figure shows, the
old (> 5 Gyr) populations are at least an order of magnitude
fainter than a population of the same mass but younger age
(i.e. few hundred Myr). Due to this, it is possible to allo-
cate considerable important fractions of the mass into these
old components during the fits, without affecting the over-
all SED of the younger populations in a significant way. In
other words, if any component of the fit is attributed to an
old population, due to the high mass to light ratio, it will
necessarily be given a high mass.
However, although the overall multiple-population SED
might appear to be in good agreement with the SED of
the W3 and/or the SSP solution, we emphasize that the
solutions with significant fractions of older components do
not accurately reproduce the Ca ii K line, a spectral feature
that is highly age sensitive (cf. Fig. 1, more on this in §5).
As was also found for the YMC NGC 34: S1 in
Cabrera-Ziri et al. (2014), the multiple stellar-population
solutions from the continuum-normalized spectral fit require
a very old and low-mass burst to have happened ∼ 8.5 Gyr
ago, after which the cluster suffered a huge burst of 13–15
times the mass of the old population at a young (∼ 500 Myr)
age. These kinds of solutions would appear to be rather ex-
otic, as discussed in Cabrera-Ziri et al. (2014). Very old pop-
ulations arise when the code is forced to retrieve a multiple
stellar-population solution, as they artificially improve the
residuals between the observed spectrum and the stellar pop-
ulation templates on a very small level (i.e. less that tenths
of reduced χ2).
We carried out fits to the continuum-normalized spec-
trum of W3 using Bruzual & Charlot (2003) models with
metallicities of Z = 0.4, 1 and 2.5 Z⊙ ([Z] = −0.4, 0 and 0.4),
and we found that the best fits to the spectrum (specifically,
the 5100–5400 A˚ region which hosts a number of impor-
tant metallicity indicators, including Mgb, Fe5270, Fe5335;
Gonza´lez 1993) were with the Z⊙ templates, as also found
by Schweizer & Seitzer (1998).
Given that the DynBaS SSP solution for the continuum-
normalized spectrum yields the most accurate fit of all our
experiments, we adopt this solution, 570 Myr, as the age of
W3. Having derived the age, we are able to infer the cluster
mass, scaling the SSP of 570 Myr to the HST photometry
(corrected for extinction and distance). The match between
W3 photometry and the SSP template of 570 Myr is also
shown in Fig. 3. Additionally, we use this figure to make a
conservative estimate of the uncertainties in age/mass. We
adopt as uncertainties the values of the youngest/oldest SSP
ages that lie within the photometric error bars. This yields
an age for W3 of 570+70
−62 Myr and a mass of 1.13+0.14−0.13 × 108 M⊙
(we discuss the possible degeneracies of our age determina-
tion, in Appendix A).
These results are consistent with those from previous
studies of this cluster. For example, Schweizer & Seitzer
(1998) found an age of ∼ 540 Myr and a mass of 1.8 × 108
M⊙, a similar analysis by Maraston et al. (2001) found an
age of 510 ± 10 Myr while Maraston et al. (2004) estimated
the dynamical mass of W3 to be 8 ± 2 × 107 M⊙.
3.1 Escape velocity of NGC 7252:W3
We use equation (1) from Georgiev et al. (2009):
vesc = fc
√
Mcl
reff
(km s−1),
to estimate the current escape velocity of W3. Here, fc is a
coefficient which takes into account the dependence of the
MNRAS 000, 1–13 (2015)
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Figure 2. DynBaS1D, DynBaS2D and DynBaS3D fits to the continuum-normalised spectrum of W3. The DynBaS fits presented here
were obtained using BC03 models of solar metallicity. On the bottom we plot the residuals (data - DynBaS fits) in the same vertical
scale with 3 different offsets for clarity. The three solutions provide virtually the same spectrum. We can rule out the DynBaS2D and
DynBaS3D solutions using the same arguments that were used for NGG 34: S1, see text for details.
Figure 3. SED evolution of an SSP of Z⊙ over the HST filters
mentioned in §2. The thick orange line represents the SSP age
determined by the DynBaS continuum normalized fit (570 Myr).
The black line represents the HST photometry of W3. We have
scaled the stellar population templates to match the SED of W3
at 570 Myr. From this we infer a mass of 1.13 × 108 M⊙ for W3.
All SSP templates have been attenuated to the same extinction
as reported for W3.
escape velocity on the density profile of the cluster, i.e. its
concentration c = log(rt/rc) where rt and rc are the tidal and
core radius of the cluster, respectively.
Georgiev et al. (2009) computed fc for King (1962)
models by deprojecting the density profile and then cal-
culating the potential as a function of radius. In order to
estimate a lower limit to the escape velocity of this clus-
ter, we adopted the smallest value for fc reported by these
authors in their Table 2, i.e. 0.076. We adopt an effective ra-
dius reff = 17.5 pc (Maraston et al. 2004) and a cluster mass
Mcl = 1.13× 108 M⊙ as determined above. With these values,
we get vesc = 193 km s−1 for W3, well above the ∼ 15 km s−1
limit proposed by G11b as the threshold for any extended
star-formation episode to happen (which would be respon-
sible for the eMSTO observed in intermediate-age clusters).
We emphasize that this value represents a lower limit as
fc is likely higher for this cluster. According to Bastian et al.
(2013a) the tidal radius is rt > 500 pc for W3. From Table
1 in G14, we derive that the mean value of < rc/reff >= 0.67.
Assuming that the core radius is rc ≈ 0.67 × reff , this leads
to log(rt/rc) = 1.63, which would correspond to a fc = 0.1,
leading to a much larger vesc = 254 km s−1 for W3.
4 SYNTHETIC SED EXPERIMENTS
Having determined that the SFH of W3 is consistent with an
SSP of 570 Myr, in this section we test how the SEDs built by
using the SFHs of eMSTO clusters inferred by G14 compare
to the observed SED of W3. With these experiments, we
explore whether the inferred SFHs from eMSTO clusters are
also compatible with the SED of this cluster, which satisfies
all the characteristics of an eMSTO cluster of this age (∼ 600
Myr), namely:
(i) It has the age when a second episode of star formation
is expected to have happened recently or be happening.
(ii) Currently it has an escape velocity well above the
threshold suggested by G11b as being necessary to re-
MNRAS 000, 1–13 (2015)
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tain/accrete gas from which the second stellar generation
will form.
This makes W3 suitable to undergo, or have recently
undergone, the extended star-formation episode responsi-
ble for eMSTOs according to some authors (e.g. G14 and
Correnti et al. 2015).
All the synthetic SEDs in this section and the previous
one (i.e. SED fitting) were built by using Bruzual & Charlot
(2003) stellar-population models of Z⊙, assuming a Chabrier
(2003) IMF, and computing models with ‘Padova 1994’
evolutionary tracks (Alongi et al. 1993; Bressan et al. 1993;
Fagotto et al. 1994a,b; Girardi et al. 1996) and the stellar li-
brary STELIB (Le Borgne et al. 2003). All synthetic SEDs
were attenuated with the extinction value reported for W3,
AV = 0.083 mag, by using a Cardelli et al. (1989) extinction
law and RV = 3.1.
4.1 Experiments with Goudfrooij et al. (2014)
SFHs
G14 analyse the eMSTOs of 18 intermediate-age clusters in
the Magellanic Clouds, and report SFHs for all clusters that
consist of a first, instantaneous massive burst followed by
an extended period of star formation, equivalent to a small
fraction of the mass of the first burst.
We would like to emphasize that the SFHs directly in-
ferred from the eMSTO (referred by these authors as pseudo-
age distributions) have little evidence of a large initial burst.
From Figs. 2, 3 and 4 of G14, we see that only an extended
episode of star formation is found which can be represented
reasonably well by a Gaussian distribution with a FWHM
of ∼ 375 Myr for most clusters. However, without an initial
burst this would represent a problem regarding the build up
of the mass of this extended star formation episode. This
is because if there is no first generation, there would not
be a potential well that could accrete and retain the gas
from which the next generation of stars are going to be born
(i.e. it would take hundreds of Myr for the clusters to build
up enough mass to exceed the suggested limit of 15 km s−1
escape velocity). In G14 they solve this problem invoking
a first generation of stars which will be lost nearly entirely
after the second episode of star formation takes place. By do-
ing this they are able to build up such extended star forma-
tion episode and simultaneously match the inferred pseudo-
age distributions from the eMSTO with no signs of an older
and massive population.
For the present experiments, we have built the SEDs
of synthetic clusters according to the same kind of star-
formation episodes, i.e. a first, instantaneous burst of star
formation at 570 Myr (i.e. the age recovered by DynBaS for
W3) contributing most of the mass of the cluster, followed by
an extended, Gaussian-shaped star-formation episode with
a fraction of the mass of the first burst. We have made a
couple of conservative assumptions and choices:
(i) We do not allow the final star-formation episode to
extend over the last 100 Myr of the cluster life. Young pop-
ulations with current ages < 100 Myr would leave a strong
signature on the integrated SED of any cluster, which is
clearly incompatible with our observations of W3 (cf. §5).
(ii) For this experiment we have restricted our second
star-formation episode to a FWHM = 100 Myr. If we were to
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Figure 4. Star formation histories of three synthetic clusters.
The pentagons, hexagons and diamonds represent the SFH of
composite stellar population (CSP) clusters with mass ratios of
M2 : M1 = 0.3:0.7, 0.4:0.6 and 0.5:0.5 respectively. For all CSP
clusters the first star formation episode is an SSP of 570 Myr. The
second episode of star formation follows a Gaussian distribution
centred at 350 Myr with FWHM = 100 Myr.
increase the FWHM of the second star-formation episode, we
would increase the difference between the SEDs of the syn-
thetic clusters and that of W3, as we would be increasing
the fraction of younger populations relative to the original
instantaneous burst.
The rationale behind these choices is to favour all these
extended star-formation scenarios, as we are trying to min-
imize the differences in the SEDs between an extended star
formation episode and an instantaneous burst (our best fit
SFH for W3).
In G14, the authors used the results from a simulation
called SG-R1 by D’Ercole et al. (2008) to describe the dy-
namical evolution of intermediate-age clusters.6 This par-
ticular simulation was chosen due to the “agreement” in the
reproduction of the mass fractions formed during the second,
extended and first, instantaneous star-formation episodes in-
ferred by G14 from the eMSTOs of intermediate-age clusters
at their current ages (i.e. mass ratio between the second and
first generation stars M2 : M1 ≈ 2:1 observed today, 1–2 Gyr
after their birth). For our synthetic clusters we take the val-
ues for M2 : M1 from this simulation at younger ages, i.e.
between 100 . t/Myr . 1000. These range from M2 : M1 =
0.3:0.7 (at ∼ 100 Myr) to M2 : M1 = 0.5:0.5 (at ∼ 1 Gyr).
Figure 4 shows the SFHs of synthetic multiple-
generation clusters for three different mass ratios. We will re-
fer to these synthetic clusters with extended star-formation
episodes hereafter as composite stellar population (CSP)
clusters. The synthesised SEDs of these CSP clusters are
shown in Figs. 5 and 6 together with the observed spectrum
of W3.
6 This simulation most likely is inadequate to describe
intermediate-age clusters in the SMC/LMC as we discuss in §5.1.
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Figure 5. The dark blue line represents the integrated MagE spectrum of W3. HST WFPC2 and WFC3 photometry of W3 is represented
with squares and triangles, respectively. The model spectrum recovered by DynBaS for W3 is shown in cyan (SSP of age 570 Myr).
Dark green, green and red lines represent the synthetic SEDs of CSP clusters with a mass ratio of M2 : M1 = 0.3:0.7, 0.4:0.6 and 0.5:0.5,
respectively. The various SEDs are all normalized to the flux of W3 at the effective wavelength of the F555W filter. The transmission
curves of the filters used in this work (in this wavelength range) are shown at the bottom of the figure.
4.2 Experiments with Goudfrooij et al. (2014)
pseudo-age distributions
Although for a massive cluster of W3’s age (570 Myr) the
SG-R1 simulation shows that most of the cluster mass comes
from the stars of the first generation, we also explore the
possibility that this entire generation was already lost during
the early dynamical evolution of this cluster, leaving just the
observed age distribution derived by G14 from the eMSTO
stars.
To test this possibility, we built a second set of CSP
clusters, this time following the present-day age distribution
(i.e. pseudo-age distributions in G11a,b and G14). For this
we assumed a simple Gaussian distribution centred at 570
Myr and with FWHM ranging from 300 to 100 Myr (cf. Fig.
7). The resulting SEDs are shown in Figs. 8 and 9, where
they are compared directly with the observed W3 spectrum.
5 DISCUSSION
Figure 5 shows a portion of the MagE spectrum of W3 to-
gether with overplotted synthetic spectra of the best SSP
DynBaS solution as well as of the CSPs with SFHs shown
in Fig. 4. For this figure, we have normalized the flux of
all our synthetic cluster spectra to the observed flux of
W3 at WFPC2’s F555W. Obviously, the MagE spectrum
agrees well with the WFPC2 and WFC3 photometry (data
points with error bars). This confirms that the wiggles in
flux present in the MagE spectrum are negligible compared
to the overall SED. This figure shows that the DynBaS so-
lution (570 Myr SSP) is a very good representation of the
observed SED of W3, while the synthetic CSP clusters fail
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Figure 6. Same as Fig. 5, but shown as a close-up around the
age-sensitive Ca ii K line. For this figure the continuum of all
SEDs had been normalized for a better comparison of the line
profiles. All CSP synthetic clusters miss the depth and profile of
this line. The DynBaS solution (570 Myr SSP) yields the best
representation of this line and of the colours of W3. The bottom
of the figure shows the residuals of the spectral fits.
to reproduce the optical colours of this cluster as these CSPs
are too blue (∼ 10% brighter for 3700 < λ/A˚ < 4000). The off-
sets between the DynBaS solution and the MagE spectrum
presented in Fig. 5 are in part due to the wiggles in the
continuum mentioned in §2. Once the DynBaS solution and
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Figure 7. Pseudo-age distributions from G14 for three synthetic
clusters. The pentagons, hexagons and diamonds represent the
SFH of CSP clusters with FWHMs equal to 300, 200 and 100
Myr, respectively. All distributions are centred at an age of 570
Myr.
the MagE data are both continuum-normalized, the spectra
match very well as shown in Fig. 2.
Besides analysing the overall shape of the SED of W3
and its agreement with the SED of synthetic SSP and CSP
clusters, we can also analyse the behaviour of individual
spectral features that are sensitive to age. Figure 6 shows
the same SEDs as displayed in Fig. 5, but now centred on a
narrow region around the Ca ii K line, which is very sensi-
tive to age (for a given metallicity, this line gets deeper with
age). Figure 6 illustrates once more how the CSP clusters
fail to reproduce the observed characteristics of W3 (this
time the profile of the Ca ii K line), and although the SSP
of 570 Myr does not reproduce perfectly the depth of this
line (as it is a little bit deeper), it still does a better job than
any of the CSPs. As already stated, this particular line gets
deeper with age, whence even a small young component in
a CSP would make this line appear significantly shallower.
The differences between the W3 spectrum and the best SSP
solution in the profile of this line, could be due to the finite
sampling in age of the SSP templates used for this work. If
this were the case, the precise age of this cluster would be
somewhere between the template of 570 Myr and the next
youngest (508 Myr) one, as this spectrum will have about
the same depth of the Balmer lines but the Ca ii K line will
be a little bit shallower than that of the 570 Myr template.
We note that the extent of our second episode of star
formation (i.e. when the extended burst begins and ends) is
limited to ∼ 350 Myr (see Fig. 4), which is about the FWHM
of the extended star-formation episode proposed to explain
the eMSTOs of some intermediate-age clusters according to
G11a,b and G14. If we were to consider a more extended
episode of star formation (i.e. ∼ 700 Myr as suggested by
G14), the differences in the SEDs and the Ca ii K line be-
tween W3 and the synthetic CSP clusters would become
more marked due to the inclusion of even younger compo-
nents to the CSP. In other words, even with these favor-
able assumptions, like a short second star-formation episode
(FWHM=100 Myr) and the truncation of the star forma-
tion at younger ages (no star-formation in the last 100 Myr,
see Fig. 4), we still find considerable differences between the
SEDs of a cluster with a SSP and a cluster that experienced
such extended star-formation event.
We can use the experiments with the pseudo-age dis-
tributions (§4.2 and Fig. 7) to place constraints on any ex-
tended SFH that may be present in W3 (i.e. the age reso-
lution that our data offer). Extended star formation leaves
a second-order imprint on a cluster’s SED due to the non-
linear evolution of colour. A cluster with an extended burst
of star formation centred at lookback time t will be bluer
than an SSP of age t; the effect scales as (∆t/t)2, where ∆t
is the duration of star formation. Extended SFHs have been
inferred from eMSTOs in the CMD, where the effect is in-
stead first-order: the width of the MSTO increases linearly
with the duration of star formation.
Figure 8 shows how the SEDs of synthetic clusters with
the extended SFHs of Fig. 7 compare to the observed SED
of W3. At first glance, one can see that the CSPs with the
long star-formation episodes (FWHM = 200 and 300 Myr)
are easily distinguished from the W3/SSP SED, since the
flux in 3700 < λ/A˚ < 4000 is again about 10% higher than
that of the W3 or SSP SEDs. But this time, the CSP cluster
with the narrowest star formation episode (i.e. FWHM=100
Myr) is not very different from the SSP or W3’s SED.
We conclude the same, if instead we focus on the Ca ii
K line, as shown in Fig. 9, we can see that the CSPs with
FWHM > 100 Myr never reproduce the profile of this line
better than the single SSP spectrum. We conclude from this
that in order to produce a CSP that has an SED and shape of
the Ca ii K line similar to what is observed in W3, we would
need to (1) decrease the contribution of the main (first) burst
proposed by G14, either by reducing its mass or by reducing
the period between the first and second burst to be short
enough so that both bursts would be indistinguishable, and
(2) reduce the extent of the second star-formation period,
down to a limit where it approaches the SED of an SSP.
Figure 9 illustrates that this would be the case for a CSP
following a Gaussian distribution with a FWHM ≤ 100 Myr.7
We note that the mean FWHM age spread claimed by
G14 for a sample of 18 intermediate-age clusters is 375 Myr
and the shortest FWHM is 200 Myr. These values are well
above our derived limit where one could start confusing the
SED of an SSP and of a brief (≤ 100 Myr) CSP event. Stellar
rotation can mimic a fractional age spread of ∼20%, or ∼100
Myr at the age of W3; Fig. 8 shows that W3 is perfectly
consistent with such a pseudo-age spread. It is, however,
strongly inconsistent with the ∼300–400 Myr durations in-
ferred from the eMSTOs in older LMC clusters.
5.1 Is the SG-R1 simulation suited to describe
eMSTO clusters?
The simulation chosen by G14 to describe the dynamical
evolution of intermediate-age clusters in the SMC/LMC dis-
7 This upper limit for the extent of any prolonged star for-
mation episode within W3 is consistent with the uncertain-
ties/degeneracies in age estimated for this cluster cf. §3 and Ap-
pendix A.
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Figure 8. Similar to Fig. 5, but here we show in red, green and dark green the synthetic SEDs of CSP clusters built following the
pseudo-age distributions from G14 with FWHM = 300, 200, and 100 Myr, respectively.
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Figure 9. Same as Fig. 6, but for model CSP clusters following
the pseudo-age distributions from G14. In the same way as with
the predicted SFHs from G14, the DynBaS solution (570 Myr
SSP) and the CSP with FWHM ≤ 100 Myr yield the best repre-
sentation of the Ca ii K line of W3 when compared to the SEDs of
CSP with FWHM > 100 Myr clusters that follow the G14 pseudo-
age distributions. The bottom of the figure shows the residuals of
the spectral fits.
playing eMSTOs may not reproduce accurately their mass
losses. This simulation, described in D’Ercole et al. (2008)
and named SG-R1, was originally developed to study the
dynamical evolution of ∼ 10 Gyr old Galactic globular clus-
ters in a strong tidal field. Due to this, there are some issues
that may make it unsuitable for studies of intermediate-age
SMC/LMC clusters, such as:
• The second-generation stars in this simulation have only
masses between 0.1 and 0.8 M⊙. Yet, the estimated masses
of stars that populate the turnoff of intermediate-age (1–
2 Gyr) clusters are all > 1 M⊙. Hence, this simulation
would not feature any stars visible today in the regions of
colour–magnitude diagrams where the eMSTO is observed
in intermediate-age clusters.
• The main reason that led G14 to choose this particular
simulation for describing eMSTO clusters is that the mass
ratio between second- and first-generation stars yielded at
the age of intermediate-age clusters is very similar to the
ratio inferred from the SFH derived from the eMSTO. This
ratio is M2 : M1 ≈ 2 : 1 for present-day eMSTO clusters.
However, Figs. 15 and 16 of D’Ercole et al. (2008) show
that one only gets this ratio for stars in the mass range
0.1 ≤M/M⊙ ≤ 0.8. If one takes into account that the stars of
the first generation in this simulation cover masses between
0.1 and 100 M⊙ following a standard (i.e. Kroupa) IMF, the
actual mass ratio between the second- and first-generation
stars decreases as there are more stars from the first gener-
ation than just the ones between 0.1 ≤M/M⊙ ≤ 0.8.
• The cluster in the simulation SG-R1 is tidally limited,
i.e. the stars in the cluster are distributed up to the radius
where a star is equally bound to the cluster and the Galaxy.
This setup provides an extremely efficient way to lose stars.
However, all the intermediate-age clusters studied in G14
have tidal radii between 4.9 and 43 times larger than their
core (and effective) radii according to these authors. This
fact makes mass loss in these clusters very inefficient.
To put this in context, we emphasize that the scenario of
G14 requires retaining the first generation of stars (most of
the cluster mass) at younger ages in order to provide enough
gravitational potential to hold on to the gas expelled from
evolved stars and to accrete gas from their surroundings.
This gas will eventually fuel the extended (second) star-
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formation episode responsible for the eMSTO. Figures 2,
3 and 4 of G14 show that for these 1–2 Gyr old clusters,
this second episode stopped forming stars 800–1500 Myr ago
(depending on the cluster). Hence, the first-generation stars
can only be lost after these ages, when they are no longer
needed to hold on to the material to form the second burst.
In other words, this implies a strong change of the tidal po-
tential hosting each of these clusters in the last 800–1500
Myr, for which—to the best of our knowledge—there is no
evidence.
• Another critical factor is that the simulation SG-R1 as-
sumes that the cluster is sitting in the Galactic potential
tidal field, at a galactocentric distance of 4 kpc. Yet, the
tidal fields of the SMC and LMC are significantly weaker
than that of the Galaxy. Hence, the disruption derived from
this simulation will be significantly overestimated compared
to the actual one suffered by the eMSTO clusters in the
SMC/LMC. We figure that this simulation could only apply
to the eMSTO clusters if their densities at young ages were
about two orders of magnitude lower than the densities of
YMCs observed today (see Appendix B).
We conclude that the simulation SG-R1 by
D’Ercole et al. (2008) is unsuitable for describing the
dynamical evolution of SMC/LMC clusters with an
eMSTO.
5.2 NGC 1856: a YMC with an eMSTO
The young cluster NGC 1856 represents a very interesting
peace of the puzzle of the origin of the eMSTO. As men-
tioned before, this massive (∼ 105 M⊙) young cluster with
an age of ∼ 300 Myr is significantly younger than any of
the clusters previously reported with eMSTOs (with ages
usually between 1–2 Gyr). The young age of this cluster
allows us an unprecedented opportunity to understand the
early evolution of a cluster with an eMSTO. In this section
we combine the information derived by Milone et al. (2015);
Correnti et al. (2015) from the eMSTO of NGC 1856 with
previous studies of YMCs in order to place some constrains
on the origin of the eMSTO.
In a previous study we analysed the YMC NGC 34: S1
(Cabrera-Ziri et al. 2014). Using DynBaS we concluded that
the SFH of this cluster is consistent with an SSP of age
100 ± 30 Myr and mass 1.9 ± 0.2 × 107 M⊙. We were able
to rule out any significant episode of star formation in the
last 70 Myr of the cluster. G14 claim this is consistent with
their scenario, as perhaps 100 Myr may not be enough for a
second episode of star formation to take place, as the Lyman-
Werner photons from the first-generation stars prevent the
gas from cooling down to form stars (Conroy & Spergel
2011).
If the suggestion of G14 indeed applies, then a break
in the star formation lasting ∼ 100 Myr would not be con-
sistent with the age spreads inferred from the eMSTO of
the young cluster NGC 1856. For the age of this cluster
(∼ 300 Myr) a ∼ 100 Myr delay between the first- and
second-generation stars would be readily observable in its
CMD. However, the distribution of stars in the eMSTO
of this cluster, and the inferred age distributions, seem to
be continuous with no apparent gaps (Milone et al. 2015;
Correnti et al. 2015). This could mean that the beginning
of the extended star-formation episode responsible for the
eMSTO varies from cluster to cluster in a very peculiar
way, as it has never been observed to be ongoing in any
YMC. That is, no evidence of ongoing star formation has
been found in a study of ∼ 130 young (10–1000 Myr) mas-
sive (104 − 108 M⊙) clusters (Bastian et al. 2013b). Nor has
any evidence been found of gas reservoirs within YMCs that
could fuel extended star-formation episodes with the masses
suggested by these scenarios (e.g. Bastian & Strader 2014;
Cabrera-Ziri et al. 2015). Hence, the alternative explanation
is that it cannot be an age spread that is responsible for the
eMSTO.
Niederhofer et al. (2015a) found a correlation between
the width of the eMSTO (or inferred age spread) and the age
of the clusters in their sample, suggesting an evolutionary
effect. For instance, a young cluster like NGC 1856 has an
inferred MSTO age spread of 140 Myr (c.f. Milone et al.
2015), while an older cluster (1 Gyr) like NGC 2108 has an
inferred age spread of 230 Myr spread and an even older
(1.45 Gyr) cluster like NGC 411 shows an MSTO spread
equivalent to 516 Myr (c.f. G14).
Evolutionary effects, like stellar rotation, have been pro-
posed as an alternative to age spreads for the origin of
the eMSTO (c.f. Bastian & de Mink 2009; Yang et al. 2013;
Li et al. 2014). Niederhofer et al. (2015b) showed that stel-
lar models that include rotation can reproduce an evolution
of the MSTO morphology in time. Furthermore, they also
show that if these evolutionary effects (rotation) were to be
interpreted as age spreads, the inferred age spreads from
the eMSTO are in agreement with the ones claimed by the
authors supporting the age spread scenario e.g. G14.
Supporting this interpretation is the recent analysis of
the CMD of NGC 1856 by D’Antona et al. (2015), which
suggests that the complex MSTO of this cluster is due to
two populations of the same age (∼ 350 Myr), one composed
mainly of very rapidly rotating stars (ω = 0.9ωcrit), while
the other is composed of slowly/non-rotating stars.
In this context, we can use W3 to test the age spread or
the rotation scenarios. As seen in the previous sections, the
maximum age spread present in W3 is at most 100 Myr. In
the age spread scenario suggested by G14, for a cluster with
such a high escape velocity, the expected age spread is typi-
cally ∼ 375 Myr, inconsistent with the observations. On the
other hand, in the rotational scenario, the expected MSTO
spread would be the equivalent of ∼ 150 − 200 Myr. How-
ever, the post-main sequence features, which contributed
significantly to the integrated light are expected to have age
spreads equivalent to < 100 Myr (Niederhofer et al. 2015b).
Hence, our observations are inconsistent with the age spread
scenario, but consistent with those expected from the rota-
tional scenario.
6 SUMMARY AND CONCLUSIONS
We have used the SED of W3, a YMC in the merger remnant
NGC 7252, and have compared it with the SED of synthetic
clusters constructed with the SFHs that are proposed to
explain the eMSTOs of intermediate-age clusters. We find
that the SED of this cluster is consistent with that of an
SSP of age 570+70
−62 Myr, mass 1.13
+0.14
−0.13 × 108 M⊙ and current
central escape velocity above 193 km s−1.
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A key argument of some of the scenarios that have been
proposed to explain the eMSTOs of intermediate-age clus-
ters is based on the fact that these clusters all have masses
above 104 M⊙. These scenarios also assume that the eMSTO
clusters were a factor of 10–20 more massive at birth and
had escape velocities > 15 km s−1, enabling them to retain
the gas that fueled the extended episode of star formation
responsible for the observed eMSTO (cf. Keller et al. 2011).
However, our results are in strong contradiction to the pre-
diction of these scenarios, given that the SED of W3 does
not match the model SED of young clusters with an age
spread similar to any of those suggested for eMSTO clus-
ters. Yet, W3 is the most massive young cluster known to
date, and its mass (∼ 108 M⊙) and escape velocity (> 193
km s−1) exceed by orders of magnitude the masses/escape
velocities (and the expected birth masses/escape velocities)
of intermediate-age clusters showing eMSTOs. The near lack
of significant extinction in this cluster (AV = 0.083) is also in
conflict with the properties of a young cluster hosting a mas-
sive reservoir of cool gas (Longmore 2015), suggesting that
currently there is no cold gas that could fuel an extended
star-formation episode in the near future.
Of course, there is a possibility that this specific cluster
has some intrinsic property or that there is something pe-
culiar in its environment that has prevented any extended
episodes of star formation to take place. Yet, note that these
results are in perfect agreement with previous studies of
YMCs, as they all point towards a SFH of a single burst
with a negligible extent. Also, in the scenarios investigated
here there is no explicit requirement regarding the eMSTO
cluster environments that would make the results we have
obtained from W3 irrelevant for constraining the origin of
this phenomenon.
Additionally, the open clusters Hyades and Praesepe—
composed of ∼ 300 and ∼ 1000 members, respec-
tively, and each ∼ 800 Myr old (Perryman et al. 1998;
Kraus & Hillenbrand 2007)—are known to have MSTOs
that are inconsistent with a single isochrone, which has been
attributed to spreads of a few hundred Myr in age (Eggen
1998). Brandt & Huang (2015a) have recently proposed
that age spreads are not needed to explain the broadened
MSTOs in these clusters, since stellar models that include
rotation can reproduce the same morphology with a single
generation of stars. This mechanism has also been explored
in the past to explain the origin of eMSTO clusters in the
SMC/LMC (e.g. Bastian & de Mink 2009).
However, given the relatively small number of stars in
the Hyades and Praesepe, it is hard to tell if the broad-
ening of the turnoff observed in these open clusters is the
same phenomenon as that observed in the significantly more
massive (>∼ 104 M⊙) intermediate-age clusters displaying
an eMSTO. If this were the case, this would also challenge
the suggestion that the cluster’s gravitational potential well
retained the gas long enough to have these extended star
formation episodes, as it is highly unlikely that these open
clusters had the necessary elevated escape velocity at birth.
Piatti & Bastian (2015) have recently found evidence
for eMSTO in extremely low mass clusters (< 5000 M⊙)
in the LMC, which shows that cluster mass cannot be the
essential parameter. Similar hints of eMSTOs can been seen
in CMD of the low-mass Galactic open clusters NGC 752 and
Tombaugh 1 (Twarog et al. 2015; Sales Silva et al. 2015).
Finally, we would like to reiterate the important point
made by G11 that, if the eMSTOs observed in intermediate-
age clusters are due to the same mechanisms proposed to
explain the chemical abundance patterns in GCs, then one
would expect to see the same light-element abundance vari-
ations in intermediate-age clusters. However, different abun-
dance analyses have shown no signs of these abundance pat-
terns in the LMC intermediate-age clusters NGC 1806, 1651,
1783, 1978, and 2173 (Mucciarelli et al. 2008, 2014). Some
of these clusters show an eMSTO (e.g. NGC 1783, 1651 and
1806) and have stellar masses comparable to GCs (all of
these intermediate-age clusters are above 105 M⊙). All of
these considerations suggest, again, that the eMSTO phe-
nomenon is unrelated to the chemical anomalies found in
old GCs.
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APPENDIX A: DEGENERACIES OF THE
CONTINUUM NORMALIZED FIT
As mentioned in §3, we use the SSP solution from the Dyn-
BaS fit to the continuum normalized spectrum, as the best
estimate of the age of NGC 7252: W3. This fit yielded an
age for this cluster of 570 Myr. In this appendix we look
for possible degeneracies in our age estimate (i.e. if some
other combinations of multiple populations reproduce the
W3 spectrum equally well as our best solution), conducting
fits to our data using grids of synthetic multiple-population
clusters.
This experiment is the same we carried out to
study the degeneracies on the SFH of NGC 34: S1 in
Cabrera-Ziri et al. (2014). Here we built a grid of synthetic
cluster spectra, in which each element represents a cluster
with two star formation events. These spectra were built
using the same continuum normalized Bruzual & Charlot
(2003) models we used for our DynBaS fits (cf. §3). In this
grid each synthetic cluster consists of a massive population
with always the same age, 570 Myr (Pop. I from here on),
followed or preceded by a less massive second population of
a different age (Pop. II). The ages for Pop. II in this grid
range from 1 Myr to 1 Gyr and are distributed almost uni-
formly in log space. While the masses of Pop. II could take
values ranging from 10 to 90 per cent of the mass of Pop. I.
In Fig. A1 we show the results of the fits of the con-
tinuum normalized MagE spectrum of W3 to each of the
elements in this grid. In this figure we colour coded the
solutions as a function of their χ2ν . The contours denote
constant values of χ2ν . For practical reasons, we have nor-
malized all these values dividing each of them by the χ2ν
of our DynBaS1D solution (i.e. SSP 570 Myr). We found
that for fits with χ2ν > 1.1, it is possible to distinguish by
eye that the spectral fits are poor (i.e. fail to reproduce the
depths/profiles of some Balmer lines and the Caii K line),
and such solutions are excluded. For reference, the differ-
ences between solutions with χ2ν < 1.1 and χ2ν > 1.1, are
similar (or greater) to the differences between the FWHM
= 100 and 200 Myr spectra and the spectrum of W3 in Fig.
9, respectively.
Overall, this parameter space has a similar behaviour as
the one found for NGC 34: S1 in Cabrera-Ziri et al. (2014).
In the sense that we do not see any other region with a
local χ2ν minimum which could host/hide another solution
that represents a fit as good (or better) than the DynBaS
SSP solution. This figure also shows that the region with
χ2ν < 1.1 (i.e. the region where it is not possible to distinguish
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Figure A1. Results of fitting the normalized spectrum of W3
with each element of a grid of synthetic cluster spectra. The Pop.
I age for each element is always the same 570 Myr (i.e. our best
DynBaS SSP solution), which is represented with the dashed hor-
izontal line in this plane. The vertical axis represents the age of
the secondary (less massive) population, Pop. II, while the hor-
izontal axis denotes the mass ratio between the first and second
population. In colour we represent the χ2ν for each of these fits.
For χ2ν > 1.1, we can spot the differences by eye between the syn-
thetic clusters and the data (specially in the Caii K line), so those
solutions are immediately excluded.
a multiple population solution from a SSP solution) basically
comprises all the synthetic clusters with a secondary burst
(Pop. II) of age 508 and 640 Myr (which are the row of dots
bellow and above the dashed line respectively) regardless of
their mass. This region lies exactly within the uncertainties
reported in §3 DynBaS fit solution, 570+70
−62 Myr. This is also
in agreement with the upper limit of 100 Myr for the width
of an extended star formation event centred at 570 Myr,
where this mulitple population solution represent a fit as
good as the SSP solution (cf. Fig. 9 and the discussion in
the text about this figure).
From this experiment, we conclude that the possible
degeneracies in the SFH of this cluster, i.e. any multi-
ple population solution as good as our SSP solution, lie
within the uncertainties in the age of W3 reported in §3.
We note that these uncertainties/degeneracies are signifi-
cantly smaller than the age spread expected for this clus-
ter according to the scenarios that attribute the eMSTO in
intermediate-age clusters to extended star formation events.
APPENDIX B: CLUSTER DISRUPTION IN
THE SMC/LMC
Here we discuss the feasibility of applying the strong Galac-
tic tidal field of the D’Ercole et al. (2008) models to the
intermediate-mass clusters in the SMC/LMC studied by
G14.
Most of the dynamical mass loss in the D’Ercole et al.
(2008) model of multiple-generation clusters is induced by
Table B1. Cluster galactrocentric distances, orbital angular ve-
locities and half-mass densities required for the SG-R1 simulation
in D’Ercole et al. (2008).
Galaxy R Ω ρh(W0 = 5) ρh(W0 = 7)
MW 4 5.6 51 221
SMC 3.5 1.8 5.0 21
LMC 2 3.1 15 66
LMC 3 2.2 8.0 34
LMC 4 1.8 5.2 22
Radii are in kpc, angular velocities in (100 Myr)−1, and densities
in M⊙ pc
−3.
stellar evolution, i.e. by the change of the gravitational po-
tential due to massive stars ending their lives. This mass
loss depends sensitively on how extended a cluster is —
D’Ercole et al. (2008) achieve the high second-to-first gener-
ation ratio required by G14 only by assuming that the cluster
fills its Roche lobe (their SG-R1 simulation), allowing it to
lose stars efficiently as the gravitational potential changes.
Hence, this model can only be applied to the SMC/LMC
clusters if the ratio between the cluster radius and the tidal
radius rh/rt is the same as in the D’Ercole et al. (2008)
model. This ratio is rh/rt = {0.187, 0.115} in Roche lobe-filling
clusters with King parameters W0 = {5, 7} (e.g. Lamers et al.
2010). Independently of the cluster’s mass, this translates di-
rectly to a ratio between the half-mass density ρh = 3M/8πr3h
and the tidal density ρt = 3Ω2/2πG (where Ω = V/R is the
orbital angular velocity within the cluster’s host galaxy, as-
sumed to have a flat rotation curve) of η ≡ ρh/ρt = {153, 658}
for W0 = {5, 7}. In other words, the simulation SG-R1 requires
that
ρh =
3ηΩ2
2πG . (B1)
This density can be evaluated using the known rota-
tion curves for the SMC and LMC (Alves & Nelson 2000;
Stanimirovic´ et al. 2004). Table B1 lists Ω and ρh for a num-
ber of galactic environments, such as the Milky Way at a
radius of R = 4 kpc (as in D’Ercole et al. 2008, assuming a
circular velocity of V = 220 km s−1), the SMC at R = 3.5 kpc,
and the LMC at R = {2, 3, 4} kpc. The table shows that the
SMC and LMC require densities 5 < ρ/M⊙ pc−3 < 70, with
median values of ρh = {8.3, 36} M⊙ pc−3 for W0 = {5, 7}, which is
up to an order of magnitude lower than in the D’Ercole et al.
(2008) model used by G14.
To determine whether the above low densities are
still reasonable for young stellar clusters, we compare
them to the densities of local-Universe YMCs listed in
Portegies Zwart et al. (2010). The median density of the
YMCs (ages < 10 Myr) in their comprehensive sample is
ρh = 103 M⊙ pc−3, i.e. between 1 and 2 orders of magnitude
higher than the low densities required by G14 to apply the
D’Ercole et al. (2008) model to SMC/LMC clusters. Out of
the 30 YMCs, only 3 (χPer, NGC 4038:W99-16, and NGC
4449: N-2) have densities lower than 50 M⊙ pc−3. For ref-
erence, the only YMC younger than 10 Myr in the LMC
(R136) has ρh > 600 M⊙ pc−3.
Therefore, the observed densities of recently-formed
YMCs are too high for the D’Ercole et al. (2008) model to
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apply. The only way in which this application could be ap-
propriate is if the intermediate-age clusters of G14 repre-
sent the low-density end of some larger, initial cluster pop-
ulation, of which the high-density YMCs were subsequently
destroyed. However, there is no known mechanism that de-
stroys high-density clusters more easily than low-density
ones. The main disruption agents in gas-rich galaxies are
tidal evaporation and tidal shocks by giant molecular clouds,
both of which favour the survival of high-mass, high-density
clusters (e.g. Kruijssen 2015).
We conclude that applying the simulation SG-R1 by
D’Ercole et al. (2008) to YMCs in the SMC and LMC re-
quires either extremely rare or carefully-tuned conditions,
making it highly unlikely that this model applies to the clus-
ters considered by G14.
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